Operational 

Collision 

Avoidance 


Bill Cuit/NASA/CSFC 



Topics 


Early Days 

EOS Debris Avoidance Maneuvers 
EOS High-Interest Events Statistics 
A-Train Systematic Conjunctions 

- Landsat-5 Crossing A-Train 

- CloudSat Under-flight of Aqua 

- SAC-C Crossing A-Train 

Future Challenges 



We do not inherit the Earth from our 
ancestors, we borrow it from our chiidren 


- Native American Proverb 
• Haida Indian Saying 
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Images courtesy NASA Orbital Debris Program Office 
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Early Days 



NASA/GSFC Orbital Debris Workshop 

(March 2002) 


NASA Policy to Limit Orbital 
Debris Generation 

Case Studies: 

- CGRO Controlled Reentry (May- June 2000) 

- Landsat-4 Decommissioning (May-June 2001) 

- TRMM Orbit Raise (August 2001) 

- EP/EUVE Reentry (January 31, 2002) 

Landsat-7 Conjunction Assessment 
Study (January 2002) 

- Multiple conjunctions per day 

- Begin working to establish procedures 
for ongoing support 


ORBITAL DEBRIS: 


BACKGROUND AND POLICY 

Nicholas L. Johnson 


Chief Scientist and Program Manager for Orbital Debris 

Orbital Debris Colloquium 


Goddard Space Flight Center 


20-21 March 2002 



• 

Johnaon Space Cantor 

Or1>(tol Oabris Program Offlca 



Liaison Office 


Space Situational Awareness 
Launch - Orbit - Decommission 

Roger D. Simpson 
NASA l iaison lo TSSPACECOM 
Peicrson AI B. Colorado Springs. Co 
719-554-6729 






The Good, the Bad and the Ugly 

(Who to credit - or blame depending on your perspective) 

• Good: CGRO De-orbit & TRMM Re-boost 

— Well coordinated from and interagency perspective 

— DOD/NASA (GSFC and JSC/HSF) 

• Bad: Landsat-4 

— Not well coordinated at an interagency level 

— Flipped spacecraft over and depleted the propellant 

• Ugly: EP/EUVE Reentry 

— Couldn’t then/can’t now predict the date, time and 
location of reentry with any real accuracy 

— METRIC: Average error at T mi nus 2-hours is +/- 26- mi nutes 

— Uncontrolled reentry over the mid-east in January 2002 

— Midnight notification of Presidential Chief of Staff 
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Early Days - 2002 
(EOS Aqua launch May 4, 2002) 



Screened ascent maneuvers for EOS Aqua 
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May 


Aqua Launch Control Room 


Far^ Side 


2002 


"Hey! Whars that clown think he's doing? 


Saturday 4 
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Early Days - 2004 

(EOS Aura and PARASOL launches) 

May 2004: NASA request to US Department of 
Defense to establish routine conjunction 
assessment process for NASA robotic missions 



Screened ascent maneuvers for both missions 
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Routine Conjunction Assessment 
2005 Screening Build-up 
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Early EOS Conjunction Assessment Experience 
(2005 - CARA began logging HIEs in May) 


Primary 

Secondary 

TCA 

Comments 

Aura 

82095 

21 -Jan-05 

First EOS High Interest Event (HIE) Repeating Close Approach (CAs) 

Aqua 

11113 

31 -Jan-05 

Predicted miss distance of 380 meters 

Aqua 

05808 

05-Feb-05 

Predicted miss distance of 69 meters 

Aura 

13465 

20-Mar-05 

Predicted miss distance of 3 1 meters 

Terra 

12194 

24-Ad r-05 

Repeating CAs (8), Pc 1.6E-03 0 

Aqua 

03927 

12-Mav-05 

Waived-o£f planned 5/11 routine drag^ make-up maneuver 

Terra 

18665 

17-Mav-05 

Repeating CAs (6), additional CAs with 82095 and 87331 

Terra 

28370 

25-M ay-05 

Repeating CAs, near co-planar, low’ relative velocity CAs 

Aqua 

4579 

06-Jun-05 


Aqua 

89085 

09-Jun-05 


Aqua 

14345 

1 9-Jun-05 


Aura 

26181 

26-Jul-05 


Aqua 

87722 

07-Aug-05 


Aura 

27493 

21 -Aug-05 


Aqua 

87278 

18-Sep-05 


Terra 

14222 

23-OCL05 

First NASA Robotic Mission Debris Avoidance Maneuver (DAM) 

Terra 

26260 

08-NOV-05 


Aura 

19105 

12-NOV-05 


Aura 

24138 

04-Dec-05 


Aqua 

24097 

06-Dec-05 

Waived-o£f planned routine drag make-up maneuver 


Terra (5), Aqua (9), Aura (6) - TOTAL 20 


CREDIT: NASA Robotic Mission CARA Team 


12 





Niniier of Directs 


Early Conjunction Assessment Statistics 

(First half of 2005) 


Landsat-5 M La nd s at-7 A T e rra 

Aqua 3 I C Aura • Parasol 



Date 


About 11 conjunctions per week per mission 
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CREDIT: NASA Robotic Mission CARA Team 






EOS 

Debris Avoidance 
Maneuvers 
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EOS Terra vs. 14222 (SCOUT G-1 Debris) 
Debris Avoidance Maneuver 

• 1®* NASA Robotic Mission Debris 
Avoidance Maneuver (DAM) 

- October 21, 2005 

- Peak Pc of about 1:12 

- Minimum miss distance about 
37 meters 

- Mitigated by 2.7 second mini-drag 
make-up maneuver 

- Burn at TCA minus 48-bours 

- Miss Distance about 4.5 km 

- Pc^O 



Reference: Lauri Newman and Matt Duncan, AIAA 2006-6291 
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1®* NASA Robotic Mission Debris 

National Aeronautics and Space Administration 

Avoidance Maneuver (DAM) 




Volume 10, 
January 


Orbital Debris 

Quarterly News 


Issue 1 
2006 


Inside... 


Large Area Debris 
Collector (LAD-C) 
Update 2 

Revision of Space 
Shuttle Wing Leading 
Edge Reinforced 
Carbon-Carbon Failure 
Criteria Based on 
Hypervelocity Impact 
and Arc-Jet Testing ...3 

Object Reentry 
Survivability Analysis 
Tool (ORSAT) - 
Version 6.0.^™ 4 

Disposal of GI^Hilstar 
Sat^lltea .5 


Collision Avoidance Maneuver Performed by 
NASA’s Terra Spacecraft 


The Terra spacecraft, often referred to as the 
flagship of NASA’s Earth Observing System (EOS), 
successhiUy performed a small collision avoidance 
maneuver on 21 October 2005 to ensure safe passage 
by a piece of orbital debri.s two days later. This ac- 
tion demonstrated the effectiveness of a conjunction 
assessment procedure implemented in 2004 
by personnel of the NASA Goddard 
Space Flight Center (GSFC) and the 
U.S. Space Surveillance Network 
(SSN). The trajectories of Terra 
and its companion KOS space- 
craft are frequently com 
pared with the orbits of 
thousands of objects 
tracked by the SSN < 
to determine if an 
accidental collision 
is possible. More than 
2600 objects are known to 
pass dirough the altitude regime 
multiple times (sometimes more than two dozen) 
each dav- 

Terra (International Designator 1999-068A,U.S. 
Satellite Number 25994) was launched on 18 De- 
cember 1999 on a nominal 6-vear mission to moni- 
tor the complex nature of the Earth’s atmosphere 
and surface. The nearlv five-metric-ton spacecraft 
circles the Earth at an altitude of 705 km with an 
orbital inclination of 98.2°. When a conjunction as- 
sessment on 17 October predicted a piece of debris 
from a Scout G-1 upper stage (International Des- 



ignator 1983-063C, U.S. Satellite Number 14222) 
would come within 500 m of Terra on 23 October, 
GSFC and SSN persomiel undertook a more de- 
tailed assessment of the coming conjunction. 

The Scout debri.s was in an orbit with an alti- 
tude similar to that of Terra (approximately 
680 km by 710 km), but its posigrade 
inchnarion of 82.4° and different orbit 
plane meant that a collision would have 
occurred at a high velocitv of near- 
ly 12 km/s. By 21 October 
, “ refined analvsis of tlie 

future close approach 
' indicated that the miss 

distance was onlv ap- 
proximately 50 m widi 
an uncertaintv that 
yielded a probability 
of collision on the or- 
der of 1 m 100. Con- 
sequently, a decision was made for Terra to exeaite 
a collision avoidance maneuver. 

Terra normallv manemiers a few times each 
year to maintain its precision orbit, and tlie collision 
a\*oidance maneuver vtis designed to serve this same 
function to prevent the waste of precious propel- 
lant. A very small maneuver v^as performed nearly 
two days before the antiapated encounter, ensuring 
that the Scout debris v’ould pass Terra at a distance 
of more than 4 km. A post-encounter assessment 
confirmed that this goal was achieved vrithout dis- 
ruption to the important Terra mission. ♦ 



Early EOS Conjunction Assessment Experience 

(2006 and 2007) 


Primary 

Secondary 

TCA 

Comments 

Terra 

1716 

12-Jan-06 

Waived-off planned routine drag make-up maneuver 

Aura 

4519 

14-Jan-06 


Aura 

3048 

lO-Feb-06 


Aqua 

3048 

20- Apr-0 6 


Aqua 

7338 

12-Oct-06 






Aura 

17649 

19-Apr-07 


Terra 

4579 

15-Mav-07 


Terra 

82441 

25-May-07 


Aqua 

82317 

l-Juii-07 


Terra 

31410 

23-JU11-07 

Second NASA Robotic Mission Debris Avoidance Maneuver (DAM) 

Aura 

25450 

15-Jul-07 


Aqua 

31496 

17- Aug-07 

Insufficient information to warrant a maneuver 

Aqua 

30821 

29-Sep-07 


Aura 

81134 

29-Oct-07 


I Teira 

11113 

22-NOV-07 



Terra (5), Aqua (5), Aura (5) - TOTAL 15 
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Chinese AS AT Destruction of Fengyun-lC 

(January.M, 2007) , 

• •• • 


•• 


^ 4 •< 


r 


J -J G'l :Y U J >■ -I- ' D.E-3.Y 1 J S'-)V J 'd r oh 2 0 0 7 

* • • . : * * . lo 

Images courtesy NASA Orbital Debris Program Office 


EOS Terra vs 31410 (Fengyun-lC Debris) 
Debris Avoidance Maneuver 

2nd EOS Terra Debris Avoidance Maneuver (DAM) 

- June 22, 2007 

- Peak Pc of about 1:6 

- Minimum miss distance about 19 meters 

- Mitigated by 1.35 second mini-drag make-up maneuver 

- Burn at TCA minus 24-bours 

- Miss distance about 1.2 km 

- Pc^O 

1®* NASA Robotic Mission DAM vs. Fengyun-lC Debris 


CREDIT: NASA Robotic Mission CARA Team 
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INSIDE THIS ISSUE 


VHTlIf SNa 

Rocketplane Work Force Shrinks by a Fifth 

iKtftiAiw ' !• coRpiny Mn) ttM K-l tnsaMe ractel «d IP ujtuutU spitt |lm. las 
sM aloit • Mtl ol ib mrl twa M(t lilt fm ol Uk yur Srr sAvy ^ d 

Suborbital Flight Sales Remain Strong 

After lfK0itijlsirQBdiiler«:flM^ ^VrgnMctctfioigMtte 

PMlreservaAnm night sk)«-- but 

cinismt 

House, Senate Bills Boost NASA's Budget 

Ihr Hocsc lapwution ComhUm IS poKtd to t*r Ilia speMlnq oMsin lU «dM 
boost MSJts 20n funtioq to 91. i biiai. m atmK if $14 MUm onr ttus i«ar's iml 
•utsoaeSTWfiilMMiMitlluntlHttisaixtaqworHiwsttd bestarr . iU 9 e 6 
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NASA Moves Terra Satellite to Avoid 
Debris Caused by Chinese A-Sat Test 


BRIAN BERGER. WASHINGTON 

F IikHi c^introJtcT^ at N.VSA'% 
(porlciorrl Sfksirc Om- 

In. Gfcctibcli. Md.. had lo 
manru%*rr the Trrm rnvirciti- 
iiiriiLil Kfjui ei rail in latr June to 
avoid orbital drhnv rrraircl E»> 
the Jan 1 1 tmicrfa Chinmr anti- 
Mirlliic (A-Sai) >rapnn 

N.VkA oCni iab said July 6 that 
ihr rvriil marird ihr first timr 
liir a|i(tmcv lias liatl to onr 

of iU spacecraft lo asoid a po- 
irntcil roLUsiiiii isuh dcl»n% cre- 
ated bv the rontiovrniaJ Clht- 
nrxr A-Sat icU- 

defunct ( Chinese weather 
satelEittr. Friiityiui 1-0. wjs orbit- 
ing at an altiriidr of roughly 850 
kilometers when it was dr- 
suoyrd Jan, 1 1 after being uruck 
by a kiiietii energy A-8at 
weapon, producing a cloud of 
ifehris that is being tracked hy 
the L'.S military's SfKue Suissrif 
lancc Network 

A ‘^<*rra Mission Stalua L'p- 
date* posted on the ir.S. space 
s Web site says Goddaid 



^ IUUsadtlMffpo(itaugthpTtfTisiltMlPUMiv)fliMki^tr»lfittii)»tto^ 
ON M h tpiCfcrah to iwM I pobflMi oiM «id dMn oegM 9v the 


the sairilitr out of har m’s way working sairllitr. 

The rr«»it-ir»g mornrmuni raised *ThU was a pretty large piece 







1** NASA Robotic Mission DAM vs. Fengyun-lC Debris 

Naltooat >Wffonauitcft and Spaod Adnuniftiraitton 

Orbital Debris 

Quarterly News • 

Volume 11. Issue 3 I 

July 2007 I xJlgC 2 

rhc large number of debris from 
bengyun-l(2 are posing greater collision 
risks for spacecraft operating in low IZarth 
orbit. The number of close approaches has 
risen significantly. C^n 22 )une, NASA’s Terra 
spacecraft had to execute a collision avoidance 
maneuver to evade a fragment from h'engyun- 
1C] that was on a trajectory which would have 
passed within 19 meters of Terra. 
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EOS Aura vs. 01399 (TRIAD 1 Debris) 
Debris Avoidance Maneuver 


• EOS Aura DAM 
- June 26, 2008 


- Mitigated by 2.0 second mini-drag 
make-up maneuver 

- Burn at TCA minus 24-hours 

- Miss distance about 500 meters 

- Pc^O 



Reference: Ryan C. Frigm, Joshua A. Levi, Dimitrios C. Mantziaras , AIAA 2010-1926 
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EOS Aqua vs. 30420 (Fengyun 1C Debris) 
Debris Avoidance Maneuver 

EOS Aqua DAM 

- November 25, 2009 

- Peak Pc of about 1:14 

- Minimum miss distance of about 25 meters 

- Mitigated by 1.25 sec mini-drag make-up maneuver 

- Burn at TCA minus 24-hours 

- Miss Distance about 560 meters 

- Pc^O 

Maneuver options limited due to routine drag make 
up maneuver performed 8-days prior to TCA 


CREDIT: NASA Robotic Mission CARA Team 
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EOS Aura and Shijian (SJ)-ll-02 satellite 
Conjunction with active satellite 

• On September 3, 2013, there was a predicted 
close approach between the EOS Aura 
satellite and the Shijian (SJ)-ll-02 satellite. 

• Second in a series of SJ-11 satellites 
launched by China into an orbit very similar 
to that of the Morning and Afternoon 
Constellations. 

• Aura flight controllers prepared a RMM to 
avoid the close approach. They did not 
know whether SJ-11 -02 was capable of 
maneuvering. 

• A request was sent through the US State 
Department to its Chinese counterpart to let 
their space agency know of NASA's planned 
maneuver. 

• Both satellites maneuvered within hours of each other. 

• Fortunately, the 2 maneuvers mitigated the risk. 

• Example of the need to improve communication with non-constellation satellites*^^ 



CREDIT: EOS Flight Dynamics Team 




EOS Debris Avoidance and Risk Mitigation 
Maneuvers (DAMs & RMMs) 2005-2014 



Priman' 

Secondarj" 

Object 

Number 

Secoadan' 

Descriptioa 

Maaeuver 

Date 

Time of Closest 
Approach (GMT) 

Miaimum 
Miss Distance 
(m) 

Maximum 

Pc 

1 

Terra 

14222 

SCOUT G-1 

21 Oct 2005 

2005 Oct23 20:53i28 

37 

8.15E-02 

2 

Terra 

31410 

Feng>Tin 1C Debris 

22 Jun2007 

2007 Jun 23 21:44:00 

18 

1.58E-01 

3 

Aura 

1399 

TRIAD 1 Debris 

26 Jun 2008 

2008 Jun 27 15:34:00 

11 

4.80E-01 

4 

Aqua 

30420 

FengjTjn 1C Debris 

25 Nm' 2009 

2009Ncv'26 15:36:57 

25 

7.01E-02 

5 

Terra 

34700 

Iridium 33 Debris 

22 Jan 2010 

2010 Jan 23 20:46:55 

244 

5.74E-03 

6 

Aura 

30262 

Cosmos 2251 Debris 

22 Nov 2010 

2010 Nov 24 11:16:52 

50 

3.90E-02 

7 

AquR 

35957 

Cosmos 2251 Debris 

02 Jan 20 11 

2011 Jan 05 18:17:23 

94 

8.40E-03 

S 

xA.qua 

34494 

Iridium 33 Debris 

08 Feb 2011 

2011 Feb 08 19:32:28 

41 

4.70E-02 

9 

Aqua 

4917 

Thorad Agena D Debris 

01 Mar 2011 

2011 Mar 02 02:45:09 

204 

3.40E-03 

10 

Aura 

34574 

Cosmos 2251 Debris 

16 May 2012 

2012 May 17 19:09:17 

81 

4.70E-04 

11 

xA.qua 

407 

Thor xA.blestar Debris 

10 Mar 2 0 13 

2013 Mar 12 04:02:53 

860 

2.57E-03 

12 

Aqua 

35733 

Iridium 33 Debris 

23 Mar 2013 

2013 Mar 24 00:3 0:17 

84 

2.40E-02 

13 

Terra 

12343 

Cosmos 1174 Debris 

24ilar2013 

2013 Mar 26 04 l24:18 

113 

2.38E-03 

14 

Terra 

26209 

CZ-4 Debris 

18 Aug 2013 

2013 Aug 19 07:43:02 

79 

6.72E-02 

15 

Aura 

37765 

SJ-11-02 

02 Sep 2013 

2013 Sep 03 04:02:44 

320 

2.23E-04 

16 

xA.qua 

34510 

Iridium 33 Debris 

25 Oct 2013 

2013 Oct 25 04:27:48 

689 

8.99E-04 

17 

Terra 

31201 

F eng>Tin 1 C D ebris 

17 Nm' 2013 

2013NOV' 18 05:42:16 

272 

l.OlE-02 

IS 

Aqua 

35652 

Cosmos 2251 Debris 

28No\'2013 

2013 Nov' 28 22:28:03 

373 

6.41E-04 

19 

Terra 

26347 

CZ-4 Debris 

10 Feb 2014 

2014 Feb 10 11:52:32 

152 

1.24E-02 

20 

Terra 

9040 

Delta 1 Debris 

21 Mar 2014 

2014 Mar 23 00:17:43 

50 

2.35E-03 

21 

Aura 

36712 

Feng^mn 1C Debris 

29 Aug 2014 

2014 Sep 02 12:32:48 

408 

1.19E-03 

22 

xA.qua 

81180 

UNKNO™ 

21 Oct 2014 

2014 Oct 21 04:17:27 

4935 

6.90E-04 

23 

Terra 

35925 

Iridium 33 Debris 

31 Dec 2014 

2015 Jan 01 06 l24:00 

206 

9.67E-04 
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CREDIT: NASA Robotic Mission CARA Team 





EOS Maneuvers Postponed or Re-planned 

(2005 - 2014 ) 



Primarj" 

Secondan" 
Object Number 

Secoudan" 

Descriptiou 

ManeuYer 

Mitigatiou 

Maneuver 

Date 

Time of Closest 
Approach (GMT) 

Minimum Miss 
Distance (m) 

Maximum 

Pc 

1 

Terra 

1716 

Titan 3C Transtage Debris 

Postpone 

UNK 

2006 Jan 12 17:46:17 

334 

O.OOE+00 

2 

Aura 

2799 

Titan 3C Transtage Debris 

Postpone 

17 Jmi2008 

2008 Jun 13 0326:59 

5671 

N/A 

3 

Aura 

28297 

DMSP 5D-2F11 debris 

Postpone 

17 Jmi2008 

2008 Jun 15 20:34:51 

7340 

N/A 

4 

x4qua 

29107 

CloudSat 

Replan 

08 Jmi2011 

2011 May 22 00:00:00 

UNK 

N/A 

5 

Aqua. 

33640 

F eng>mi 1 -C debris 

Replan 

23 Jmi2011 

2011 Jun 23 17:27:17 

65.9 

4.92E-02 

6 

Aqia 

34429 

Cosmos 2251 Debris 

Postpone 

25 Aug 20 11 

2011 Aug 29 03:57:45 

30739 

O.OOE+00 

7 

Aura 

34002 

Cosmos 2251 Debris 

Replan 

08 Sep 2011 

2011 Sep 03 05:57:41 

50.4 

2.20E-03 

8 

Aqia 

26313 

CZ-4 Debris 

Replan 

25 Oct 20 11 

2011 Oct 26 11:13:57 

1349 

1.80E-03 

9 

Aqia 

2799 

Titan 3C Transtage Debris 

Postpone/Replan 

20 Dec 2011 

2011 Dec 16 19:36:36 

45775 

O.OOE+00 

10 

Tenra 

37789 

Nigeriasat-2 

Postpone 

31 May 2012 

2012 Jun 01 22:49:38 

19970 

O.OOE+00 

11 

Aura 

87438 

Aoal}'stSat 

Postpone 

29 Aug 2012 

2012 Sep 02 1328:57 

63 

2.74E-03 

12 

Aqua 

30984 

F eng>™ 1 - C debris 

Replan 

13 Sep 2012 

2012 Sep 16 06:50:39 

63005 

O.OOE+00 

13 

Aqua 

34442 

Cosmos 2251 Debris 

Replan 

25 Jan 2013 

2013 Jan 28 19;46;57 

190 

3.23E-04 

14 

Aura 

27606 

Latinsat B 

Postpone 

03 Apr 2013 

2013 Mar 24 22:04:30 

5096 

7.28E-16 

15 

Aura 

22409 

SL-16 Debris 

Postpone 

03 Apr 2013 

2013 Mar 30 03:08:00 

20095 

3.24E-103 

16 

Aqua 

27123 

PSLV Debris 

Postpone 

30 Apr 2013 

2013 Apr 24 07:44:05 

3810 

6.63E-08 

17 

Aura 

35469 

Cosmos 2251 Debris 

Replan 

15 Nov 2013 

2013 Nov IS 17:50:39 

157 

1.27E-02 

18 

Aqua 

22481 

SL-16 Debris 

Postpone 

14 Jan 2014 

2014 Jan 09 23:30:54 

3355 

2.50E-05 

19 

Aqua 

37538 

Cosmos 2251 Debris 

Postpone 

14 Jan 2 014 

2014 Jan 14 17:24:52 

2930 

4.06E-06 

20 

Terra 

20281 

i'lagion 2 

Postpone 

26 Feb 20 14 

2014 Feb 26 02:42:38 

6806 

1.14E-06 

21 

Aura 

34327 

Cosmos 2251 Debris 

Replan 

19 Jun 2014 

2014 Jun 20 05:2229 

137 

3.11E-03 

22 

Terra 

37343 

Cosmos 2251 Debris 

Postpone 

13 Nov 2014 

2014 Nov 08 22:46:45 

6067 

O.OOE+00 

23 

Terra 

35050 

Iridium 33 Debris 

Replan 

12 Dec 2014 

2014 Dec 13 15:44:41 

4320 

2.13E-04 

1 24 

Aura 

3QQ85 

F ejogyini 1 - C debris 

Postpone 

28 Jan 2015 

2015 Jan 24 13:34:36 

1460 

6.82E-04 


As much or more effort as RMMs/DAMs 
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CREDIT: NASA Robotic Mission CARA Team 





EOS Debris Avoidance Activities 


(January 2011 - April 2015) 



CREDIT: CARA Team & Eric Moyer 
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EOS High Interest Events (HIEs) 

(2010 - 2014 ) 

2010: 17 HIEs - 2 DARMs - 4 required significant effort 
2011: 85 HIEs - 9 DARMs - 16 required significant effort 
2012: 72 HIEs - 4 DARMs - 9 HIEs required significant effort 
2013: 81 HIEs - 13 DARMs - 31 HIEs required significant effort 

• 3 “Surprise” HIEs requiring emergency/short-notice DAMs (Terra 1, Aqua 2) 

• First HIE with operational Chinese satellite (Aura maneuvered on 9/2/2013) 

• 5 Routine maneuvers postponed and/or rescheduled (0 Terra, 2 Aqua and 3 Aura) 

• 24 DAMs planned, 10 executed, 14 self-mitigated or approved and waived-off 

2014: 91 HIEs - 10 DARMs - 36 HIEs required significant effort 

• 1 “Surprise” HIEs requiring emergency/short-notice DAMs (Aqua on 10/21) 

• 6 Routine maneuvers postponed and/or rescheduled (3 Terra, 2 Aqua and 1 Aura) 

• 35 DAMs planned, 6 executed, 29 self-mitigated or approved and waived-off (2) 

Debris Avoidance Related Maneuver (DARM) 

• Maneuver planned and executed 
• Planned maneuver postponed 
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EOS Aqua Conjunction Assessment Statistics 
(January 2005 to March 2015) 


Number of Unique Events (^0.5x5xS-km volume) Per Month by Object Type - EOS Aqua 



JanlO Janll 

Reporting Month 


Jan12 


Jan13 


JanIS 


Jan16 


CREDIT: CARA Team & Ryan Frigm 






A -Train 
Systematic 
Conjunctions 
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A-Train — 
Afternoon Constellation 
Systematic Conjunctions 
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Landsat 5 Crossing through the 
Afternoon Constellation (A-Train) 

{Start slide show to view animation) buh 


Situation is 






Landsat-5 Conjunctions with the A-Train 
(Afternoon Constellation) 


• The Morning Constellation and Afternoon 
Constellation satellites follow similar 705 km 
polar sun-synchronous orbits. 

• Orbit planes intersect near the poles. 

• In February 2010, monitoring results indicated 
that Landsat-5 was crossing through the orbit 
plane intersections at the poles between CloudSat 
and CALIPSO. 



• Further investigation revealed that Landsat-5 
had “passed’ through the Afternoon Constellation 
in 2004 and 2008. 

• NASA formed a “Red Team” in March 2010 to 
analyze the situation and determine the best 
courses of action to minimize risks while 
continuing to meet mission requirements. 
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Landsat-5/A-Train Orbit 
Crossing Coordination Plan 
(Red Team) 


4J3-10LTE5 

^lEXSErnT E^rOEilATTOX ^ limif DtiTnlnidaD f«r EOS Projriin Um 

laitEi Science iMission Operarions Pi'oject 

J2S-10-TBS 


Afternoon Conste]][idon /Lnndsnt 5 
OrHt Crossing Coordinndon Plnn 


Jrnhim 

Ixpij'es: Jnh'2015 


This sfiiitiveiEfeiiLstiDnsiidslifl]] ttbsiidJ-Ed 

iaa lY^y thitp r^lud-ss its dis-rlc sura to th* i-EDi-ra] putlirsudlinats 
its d r-riJjitiDU to r E 0 5 F ra^ ram us-e OTily . 



Independent Review of the CA 
Process for NASA Robotic Assets 
(Tiger Team) 


Tiger Team Independent Review of the Conjunction Assessment 
Process for NASA Robotic Assets 

FUml Report 


Fersjo?! 11 

Dsrambsr 22, 2010 
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AAS/AIAA Astrodynamics 
Specialist Conference 
Girdwood, Alaska 
August 2011 
Session 15 

Satellite Constellations 


AAS 11-544 


STRATEGY FOR MITIGATING COLLISIONS BETWEEN 
LANDSAT-5 AND THE AFTERNOON CONSTELLATION 

Joshua A. Levi* and Eric J. Palmer'*' 

The NASA Goddard Space Flight Center Earth Science Mission Operations 
project, the French space agency Centre National d’Etndes Spatiales, the ^^igen- 
tinian space agency Coinision Nacional de Actividades Espaciales, and the 
United States Geological Sui-vey all operate spacecraft in sim-synchionous fio- 
zen orbits. The orbits are planned to not place any of the spacecraft at risk of 
colliding with another. However, evolution of these orbits over time has com- 
promised the safe interaction between Landsat-5 and the Afternoon Constella- 
tion. This paper analyzes the interactions between the Landsat-5 spacecraft and 
the Afternoon Constellation members over a period of 6 years, describing the 
cuneiit risk and plan to mitigate collisions in the ftiture. 


AlAA Space Ops 2012 
12*** International Conference on 
Space Operations 
Stockholm, Sweden 
June 2012 

AIAA 2012-1274816 


Operational Collision Risk Assessment of CALIPSO and 
LANDSAT-5 Crossings 

X. Peiia^ 

ONES, Toulouse, FRANCE, xavier.pena@cnes.fi- 
C. W. Brown- 

SSAI., NASALaRC, Hampton, VA 23681, USA, christopher.-w.brown-l@msa.gov 

In late February 2010 the French Space Agency (Centre National d’Etudes Spatiales, 
CNES) and NASA (LaRC, Langley Research Center) operations teams in charge of the 
CALIPSO satellite were notified of an unfavorable spacecraft collision risk with the 
Landsat-5 satellite detected by the NASA Earth Science Mission Operations (ESMO) team. 

As a member of the Afternoon Constellation, CALIPSO is orbiting in a sun-ssiichronous 
frozen orbit following a repetitive ground track at a mean equatorial altitude of 705 km. 
Landsat-5, operated by the United States Geological Survey (USGS), is also orbiting in a 
sun-synchronous frozen orbit following almost the same ground track at the same mean 
equatorial altitude. Both orbits can be considered as nearly identical, the main difference 
between them being the mean local time of the ascending node. The assumed in orbit 
position difference between the two satellites was such that the relative phasing should not 
create any collision risk despite the orbit intersections. How ever, changes in mean local time 
of Laudsat-5 and the Afternoon Constellation modified the orbital configuration and led to 
dangerous crossings during a significant period of time. This issue concerns not only 
CALIPSO and Landsat-5. but also all the current and future Afternoon Constellation 
missions. This paper will introduce the station keeping principles that led to the dangerous 
orbital configuration and the flight dynamics aspects taken into account to study the 
crossings. It will continue to present the CNES and LaRC tools developed to identify the 
crossings and to compute the maneuver trade space permitting to choose the maneuver 
parameters that mitigate the collision risk. Finally, it will describe the maneuver strategs' 
agreed upon by all the concerned missions to manage the close approaches. 
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CloudSat under-flight of Aqua in 2011 


4/17 CloudSat battery anomaly 

- CloudSat unable to maneuver and 
drifting towards Aqua 

- predicted to pass under Aqua around 
June 9-13‘** 

Weekly coordination meetings 
Postponed 5/19 Aqua DMUM 

- Aqua would drift towards CloudSat 



Considered multiple maneuver 
options to maximize radial 
separation at the time of the passing 

6/5 Aqua +10km CB violation 

6/8 Aqua DMUM (part 1) 

6/18 CloudSat orbit lowering 

6/18 CloudSat passes under Aqua 

6/22 Aqua DMUM (part 2) 



CREDIT: EOS Elight Dynamics Team 
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SAC-C crossing the Afternoon Constellation 

(A-Train) 

• May 2011: SAC-C 
anomaly left spacecraft 
unable to maneuver 

- Declared lost August 2013 

- Safely crossed all Earth 
Science Constellation member 
satellites in 2013/2014 


The smarter. The better.’" 


our expertise 

always shows through 


SAC-C 

Predicted Orbit Crossings 


Brandon Holladay 
November 20, 2013 


Spacecraft 

E stjiii.al:e-ii 
Crossing 
E»ate 

IR-adial 

Separation 

(koa) 

L>aiid.Sat-S 

Not-. 25, 2013 

^ to -2 

Aiir^a 

Dec. 11, 2013 

-1.3 to -0.3 

LamiSaf-T 

Dec. 20, 2013 

-15 

CrioiidSat 

Jan. 5„ 2014 

-O.S to Q 

CALIPSO 

Jan. 9, 2D14 

-1 to O 


Jan. 14, 2014 

-1 to O 

GCOM-Wl 

Jan 31, 2014 

-0.7 to 0.8 

Xetra 

Mar. 30, 2014 

0.5 to 1.5 



CREDIT: EOS Flight Dynamics Team 







Future 

Challenges 
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Spatial Density [km'^] 


6.0E-07 


Time Evolution of >1 cm ORDEM 3,0 Debris at 705 km Altitude 


5.0E-07 


4.0E-07 
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2.0E-07 


Exdl 
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1.0E-07 
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ude in 2C 
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]Von-Coiiision Sources 
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2015 
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2020 2025 2030 2035 


Note: Predicted to get slightly worse thru 2020 


CREDIT: NASA/JSC Orbital Debris Program Office 
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Updated Space Fence 


(200 - 250K Object Space Catalog) 



Initial Operational Capability scheduled for 2017 
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CREDIT: Lockheed Martin 










You Know you’re a Space Fence Junkie - IF 


^ You pointed out all the inconsistencies in the 
' movie Gravity. ..the first time you watched it. 

You knew Pluto wasn't a planet the first time you 
2 . saw a drawing of the Solar System. . . in 
kindergarten. 

When you’re stargazing with your friends, 

» they ask you to name the constellations 
' because you’re more accurate than their Sky 
Map app. 

4 . You named your dog Hubble. 



In Boy Scouts/Girl Scouts, you earned your first badge from the NASA Orbital Debris Program 
Office. 

g You've scheduled your honeymoon in the Kwajalein Atoll in the Marshall Islands to coincide with the 
installation of the first Space Fence radar. 

You have a painting on your living room wall of astronaut Ed White’s glove, the one he dropped 

7 . while outside Gemini 4 in 1965, and that remained in orbit for a month. You lost a bid for his 
other glove on eBay. 


8. You're a big Tyson fan... not Mike. Neil deGrasse. 


9 . Your bedroom is modeled after the interior of the International Space Station. 


10. You know Space Fence isn't really a fence. 


CREDIT: Lockheed Martin 
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EOS Challenges Encountered 

Relatively short time frame to work the predicted close 
approaches 

- Dynamically changing 

- Often considerable uncertainties 

Spacecraft Constraints limit options (i.e. no retrograde 
maneuvers) 

Mission Orbit Maintenance and Constellation Flying 
Requirements that limit response 


Operational Constraints that determine minimum turn- 
around time 


Limited Resources 
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EOS Observations and/or Lessons Learned 


• Risk of an on-orbit collision between an operational 
mission and a piece of orbital debris is increasing 

• Things will get worse before they get better 

• Close approaches occur all the time 

• Need to be able to plan and execute on short notice 


- Mission Operations Paradigm Shift - 
From monitoring Mission Health and Safety to 
Mission Protection & Preservation of orbital environment 

* A risk to one is a risk to all * 
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Earth Science Mission Operations Orbital Safety 

( 2014 ) 


Cu//Xwiwf * AvOi 

Coordination of Predicted Conjunctions Betyveen NASA SatoMes and Satelfites of Odter Countries 


RT-ftSA H 


Intemsfionaf Eartfi Observing Constelt^ons 
SsteBtsa from #iie UjS., Japan and Franca if^ witiin eecoinda 
to maiLABB of each cxther Id enable near wniJlaiiieotra 
obeerwalicina of the Eailti ^Btems (land, ocsaira. and 
alnKiqptieiie)i. They oparale ripoJar. aLn-^tndimniDyB H6kia^ 
rapaaling oifata at an attitydB of 7D5 km. Sao sof ajfru stnmentB 
waffs provided by UjS., Japart^ Ubied K'ngdarn. Canada, 
Fiasica. The MelheiiaindB and Brazi. 

■ Mom^ CofidellBtioii: ctoea Uie aqiyd)Of bebiuaen of HQdDO' 
ajn. - 10i4d a.m Maan Local Tkne (hl-Ty 

■ AfrB moon Cofiratelalion i(1hiicwri as the Zli-TiBin}:oma& life 
acpiabr befuraan 1 130 p.m. - 1 :45 pjn. kAT. 


ConiltHal 


rilaOiM 



■ □ ii 




Space Objects 

ManayvafablB SaBelliteo 

■ SaKellitealjhaft cliaiqslIiefr Dibit peiiiKfcaly, uaually to 
majiilain#iejr lequiied CHbitaJ localion 

■ As needed, salellitBa maneiMiHr to avoid a doae 
appioadh wih other space objecte 

Non-Maneuveiable Satelitea 

■ Some adivB eafetBea laduiq pnopu^on ^Htems 

- Satellkes EULtof frni 
Non-maiwLiiie table ObjeclB 

- Dibital cMxria <edinated: SD0.DD0 between 1 and 10 
cm. 1 00 mflicn less #ian 1 cm) 



SazisJlrGe Msar 705 Kfi7 
Qrtvils 


Ofti^Dabiism 
LowEarih CMivits 


Coonimation To Ensure Safety 

V a maneuveiabie sabfite is piedicisd b come dose to a piece 
of oriAal debfra or a ncn-niaiietiweiable satellib. tt mLEt diange 
ita oit»t Id avoid a colisiDn. 

V a maneuveiabie sabfite is ptecfiiAad b come dose Do ano#ier 
maneuverable salsllte, tie two miiBsjon teame miBt coorcfamts 
their actjcne to ensure that the two satelites do not both 
maneuver n ways bat ncteaee {rather ban decreasejl the 
GolisiEin ThisooDidbiaiiiHi must be done in a Iniel^ 



NASA’s Asiproach to Sat^fiie Safety 

effies mantaii their keadofi b sadsfy 
srience reqiatemefits 
Monitoiing » pedbimed to ensuire safety 

1 . Conjimction Asseasmant Ridt Analyaa (CARA) learn 

■ MonfaMS all NASA BaOellites and related coislallatiMi] 
salellibs 

- Ncfifiee the ajffecbd misdcn team if a potential thraat 
from a space obfect is datected 

2. Conetelation GoonAiaitkin System (CCS) 

- Web-based :^rstsm 

- McnfriMS coTs la llation configuration and piDvides 
wamaigs of predicted deinationa 

■ Deed to share missioii products and ^laceciaft 


hckif^ took for frjrther ffight ilyiumica anaiyss and 


f 




COMSTEUADCN COQADIMTUN SySTIEJiI 



If needed, the satellib updaters psrfdim li 
mansuveis 


Satellite Safety Site 


Mishit 



' Fadlfrates f»mniunicaticina betefeen sateSte operatoie 
Provides nrlbnnalEn to other eatellb cperatDis about NASA 


a. CbnetelBlEMi misaton deeci^Jtione (indmbig maneuver 
capabStHs) 

b. Cbnetelatbrii contact persone at the NAS A control 


' Plan to prcwide shfionaJ hibiniation to an cperelor irwotved 
n a hqh-i^ predicted dose approadi wMi a NASA sateBte 


Case ftistory: A-Train and Landsaf 5 







b 2Q10. Landsat 5 rsossed brou^ be A-Tran odd plane 
eleiiatiing the risk, of dose appioeches with ArTiaki sateBtes. 
NASA and USGS adopted a frnanagaef oosapg i^pprmcfr' 
bM took acKiantage of the high^ precfetable nature cf the 


Goofdinalion and time^ ooenirumcaliDns are key to keepiig a 
satellbe at tie 705 hm odd sale.. 




http://satellitesafety.gsfc.nasa.gov/ 
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Advanced Maui Optical and Space Surveillance Technologies 

Conference - September 9-12, 2014 


CollisioD avoidaDce: Coordination of predicted conjunctions beh^een NASA satellites and 

satellites of other countries 

x4ngelita C* Kelly 

Mission Operahons Manager for the Imernational Earth Observing ConsteHations, Earrh Science 
Mission Operations Project/Code 428, Mission Validation and Operarions Branch/Code 584 
NASA Goddard Space Flight Center, Greenbelt, Md. 20771 U.S.A. 

Wynn *L Watson 

Project Manager, Earth Science Mission Operations /Code 42S 
NASA Goddard Space Flighr Center, Greenbelt, Md. 20771 U.S.A 

ABSTRiVCT 

This paper describes one of the challenges facing the flight operations teams of the International Earth Observing 
constellation satellites at the 705 km orbit, including National Aeronautics and Space Administration (NASA) satellites. 
The NASA Earth Science Mission Operations (ESMO) Project has been dealing with predicted conjunctions (close 
approaches) between operational/non-operational space objects and the satellites in the International Earth observing 
constellations for several years. 

The NASA Conjunction Analysis and Risk Assessment (CARA) team provides daily reports to the ESMO Project 
regarding any '"close approach" high interest events (HIEs) involving the constellation satellites. The daily CARA 
reports provide risk assessments that help the operations teams to determine if they need to perform a risk mitigation 
action, [f the conjuncting space object is an operational satellite that is capable of maneuvering, the affected satellite 
team needs to coordinate their action plan with the operator of the conjuncting satellite. It is absolutely critical for the 
two teams to communicate as soon as possible. The goal is to minimize the collision risk; for this to happen, both 
satellite operators need to coordinate their maneuver plans. 

The constellation teams have established guidelines for coordinating H[Es among themselves. This coordination 
process has worked successfully for several years for satellites that are operated by other organizations in the United 
States and by NASAL’S international partners, all with whom NASA has a cooperative agreement However, the 
situation is different for predicted conjunctions with satellites of foreign operators that do not have an agreement with 
NASA and the constellation organizations. The current process for coordinating conjunctions is neither timely nor 
satisfactory- . Due to the concern that the Earth observing satellites at the 705 km orbit can become unusable by a 
collision with other satellites, the NASA ESMO Project and the CARA team are proposing a more timely coordination 
and communication process to resolve and safely mitigate these predicted high-risk events. This proposed process does 
not violate any existing communication constraints between the [Jnited States and certain foreign operators. Comments 
from other satellite operators are welcomed and greatly appreciated. 
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Do you believe ? 


%% 


For those#- whb Relieve* no e ^planation 
Is necessary; fdr t^ose*who do not 
bel ieve / no ^ex|>lanation is^ |;)ossi ble . " 


-1943 fll +The Song of Bernadette' 

+ 


Thank you for yoiir time 




Mere] bieh 
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